Abstract -The rectification of light beams in an optical ratchet is reported. This directed transport is implemented using a photonic mesh lattice consisting of sequences of directional couplers. In such a structure, we observe light propagation at an angle that is independent of the input direction of the injected beam.
Introduction. -Contrary to intuition, certain periodic potentials may enforce a directionality on the average motion of a particle or wave packet, despite the lack of a biased driving force. Alluding to the mechanical analogue, such potentials are often termed "ratchets". Their intriguing property of rectified wave propagation is of relevance in a variety of fields throughout science ranging from biochemistry [1, 2] to condensedmatter physics. Here, ratchet potentials can be found in the context of quantum dots [3] , Josephson junctions [4] and Bose-Einstein condensates [5] [6] [7] . Particularly in the context of cold atoms, different ratchet models have been proposed [8] [9] [10] . Both in classical and quantum systems [11] , the impact of a ratchet has been studied in Hermitian [12] as well as dissipative regimes [13] . The rectification effect generally arises from a broken spacetime symmetry of the perturbing potential [14] and has been thoroughly analyzed in the context of atomic interactions [15] and quantum information transport [16, 17] . However, directed transport does not necessarily require breaking space-time symmetry. Experimental and theoretical works on coherent destruction of tunneling or on Landau-Zener transitions have been proposed [16, [18] [19] [20] [21] [22] , in which the lattice potential is static and directed atomic transport is realized by an external ac driving force which enables tunneling between alternating sites in a bipartite lattice.
In the field of optics, ratchets and rectification have been proposed mainly using nonlinearity, e.g., for cavity solitons in coupled waveguide optical resonators with an adiabatically shaken holding pump beam [23] and soliton dragging in dynamic optical lattices [24, 25] . A ratchet system allowing for the observation of light rectification in the linear regime was proposed only recently [26] , implementing in optics the directed transport scheme of ac-driven bipartite lattices: A specifically engineered waveguide lattice, in which light is transported along the same direction, irrespective of its initial transverse momentum (phase front tilt). The rectification arises due to the excitation of every second waveguide only.
Results. -In this letter, we propose a novel configuration of a ratchet, that is partially inspired by ref. [26] , and experimentally demonstrate its capability to rectify the propagation of an optical beam. Our system consists of a mesh of directional couplers in the geometrical setting shown in fig. 1(a) . The structure can be implemented as waveguide array in which the separation between neighboring channels is longitudinally modulated in a periodic fashion. The configuration is such that initially channels 2n and 2n + 1 are coupled, while channels 2n − 1a n d2 n are isolated by virtue of their wider spacing. Subsequently, the situation is reversed: Coupling between channels 2n and 2n + 1 is suppressed, while channels 2n − 1and2n can interact, and so on (see fig. 1(a) ). Paraxial light transport in such a structure is governed by the normalized optical Schrödinger equation for the field amplitude a(x, z)p r o pagating along the z-direction
Here x denotes the transverse coordinate and Δn(x, z) is the refractive index landscape that accounts for the waveguide channels. A better understanding of the directed light transport can be obtained by considering the discrete counterpart of eq. (1), where the modal amplitudes trapped in the m-th waveguide are denoted a m . Assuming the coupling coefficient κ between interacting lattice sites to be constant, the structure can be described as a set of directional couplers following the coupled-mode equations
where after each longitudinal semi-period Λ, the discrete transverse coordinates are shifted: 2m +1→ 2m − 1. If the semi-period coincides with the coupling length, i.e., Λ=π/2κ, light is fully transferred between interacting channels during each semi-period. Consequently, after a full period 2Λ the Green's function of the lattice is a unitary transformation from m to m ± 2: a m±2 (2Λ) = −a m (0). When light is launched into a single waveguide, it will therefore monotonously travel either to the left or to the right (see fig. 1(b) ) depending on if an even or odd site is excited, as will a broad excitation if it exclusively covers odd or even lattice sites. Note that the individual phases of the waveguides have no influence on this behavior. Consequently, rectification occurs irrespective of the input phase distribution, i.e., in particular the input angle.
To avoid the experimental difficulty of selectively exciting only odd-or even-numbered channels, we made use of the third dimension and separated them into two individual layers, as sketched in fig. 1(c) . In this arrangement, coupling exclusively occurs between the two layers, whereas intra-layer coupling is negligible. The transverse motion of the light is confined to the curved regions of the waveguides. For our experiments, we fabricated a system of 20 waveguides in fused silica, employing the femtosecond-laser writing technology [27] . A micrograph of the sample's front facet is shown in fig. 2(a) . The waveguides are spaced by a =20µm horizontally with a vertical layer separation of 18.5 µm. For these parameters, complete light transfer between interacting channels for the probe wavelength λ = 633 nm was achieved for an interaction length per coupler of 6 mm. Our 100 mm long sample contained a total of six semi-periods Λ. The light evolution inside the sample was directly monitored by means of the waveguide fluorescence technique [28] . Note that this method yields the projection of the three-dimensional light evolution to the two-dimensional (x, z)-plane; both layers are observed simultaneously. Figures 2(b) , (c) show the measured propagation patterns arising from single-site excitations in the upper and lower layer, respectively. The rectifying property of the lattice is clearly visible in both cases. Since the lattice independently rectifies the propagation of light injected into each channel, the mechanism naturally holds for a broad beam excitation of each layer as well. As an example, in fig. 3(a) we show the measured propagation pattern of a broad excitation covering four waveguides in total, two in each layer. Due to the layer's opposite rectification directions the initially compact wave packet is decomposed into two independently propagating beams. The independence of rectification on the phase front tilt of the excitation is demonstrated in fig. 3(b) .
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Spatial light rectification in an optical waveguide lattice For an input beam tilted by the angle θ with respect to the z-axis, a phase shift φ =(2π/λ)an s sin θ ≃ (2π/λ)an s θ exists between adjacent waveguides, where a is the horizontal waveguide spacing and n s the substrate refractive index. Note that φ corresponds to the transverse wavenumber (momentum) of the excitation beam. Figure 3(b) shows the measured output intensity patterns obtained for values of φ between −0.6π and 0.9π, which corresponds to a tilting from −0.37 to +0.55 degrees. Clearly, the input phase has no influence on the propagation of light through the lattice. Note that the validity of the coupledmode equations (2) requires |φ| π. Larger angles would lead to the excitation of the higher-order bands of the array, which are not subject to the rectification mechanism. When light is launched exclusively into one layer, no beam splitting occurs. Nevertheless, angle-independent rectification occurs as shown in fig. 4 . Here, a broad Gaussian beam was injected while the lower layer was blocked with a razor blade. As in the case of single-site excitation (see fig. 2(a) ), the beam travels to the lefthand side. The drastic difference between the ratchet and a conventional straight lattice becomes apparent when the rectified propagation is compared to the strongly angledependent discrete diffraction in a conventional straight lattice (see inserts).
Conclusions and outlook. -In conclusion, we presented the optical implementation of light rectification using a mesh of directional couplers. We realized the system in a two-layer configuration with femtosecond-laser-written waveguides. An injected beam monotonously moves to the left or the right sides of the sample, depending on which layer is excited. The rectification is independent on the tilt angle of the injected beam. We believe mesh ratchets will offer new possibilities for fully integrated devices and may find applications, e.g., in quantum optics and information technology. Beyond the realm of Hermitian photonics, PT -symmetric mesh lattices have recently been shown to give rise to a variety of fascinating linear and nonlinear phenomena [29] . * * * 
